S, an ongoing challenge in the synthesis of Cu 2-x S materials for a specific application. Here, a detailed transformation diagram of cation-exchange (CE) chemistry from cadmium sulfide (CdS) into Cu 2-x S nanowires (NWs) is reported. By varying the reaction time and the reactants' concentration ratio, the progression of the CE process was captured, and tunable crystal phases of the Cu 2-x S were achieved. It is proposed that the evolution of Cu 2-x S phases in a NW system is dependent on both kinetic and thermodynamic factors. The reported data demonstrate that CE can be used to precisely control the structure, composition, and crystal phases of NWs, and such control may be generalized to other material systems for a variety of practical applications. Nanomaterials have attracted much interest and gained widespread use in catalytic,(1) photovoltaic,(2) electronic,(3) and photonic applications(4) because of their interesting mechanical, electrical, and optical properties. In particular, many of these properties sensitively depend on the crystal phases and compositions of the materials. The demand to prepare compositionally diverse, morphologically well-defined nanomaterials with controlled crystal phases is a general challenge that drives the exploration of new synthetic approaches. In addition to direct synthetic schemes, postsynthetic methods, such as CE,(5-7) are able to yield materials with unprecedented structural and compositional complexity. CE reactions substitute cations within the relatively rigid anion host lattice, utilizing the orders of magnitude difference in diffusivity of cations compared to anions to modify the composition of the template while preserving its morphology. While CE is an age-old phenomenon commonly observed in mineral replacement reactions,(8) its application in the synthesis of bulk materials is limited because of the sluggish diffusion kinetics of cations over large length scales. In contrast, CE reactions work well for the synthesis of nanomaterials owing to the short distance that cations need to travel within the material. In recent years, CE has undergone a revival and has been used to synthesize a variety of advanced nanostructures, including nanomaterials of metastable phases,(9) nanoscale heterostructures,(10) and alloyed nanomaterials. (11) Metal chalcogenides nanomaterials are good candidates for CE reactions because of their significant ionic character and the capability for cations to diffuse into and out of the lattice. (12, 13) Many of the metal chalcogenides, in particular late-transition-metal sulfides, have special properties that arise from their deficiency of cations. The cation-vacancy ordering in these materials gives rise to distinct crystal phases that have similar crystal structures but different material properties, such as in the cases of nickel sulfide, cobalt sulfide, and Cu S), and covellite (CuS). Among them, low chalcocite, djurleite, and roxbyite have similar hexagonal close-packing sulfur sublattices but significantly different material properties; consequently, each phase is preferred for specific applications. As a component in heterojunction solar cells, the low chalcocite phase is known to be advantageous over other phases. (15, 16) On the other hand, the vacancy-doped deficient Cu 2-x S, such as djurleite, support localized surface plasmon resonances, whose energy can be dynamically tuned by controlling the free carrier density. (17) Therefore, it is apparent that the different properties of these phases lead to their suitability for various applications, reaffirming the importance of fine-tuning the crystal phase of nanomaterials. CE is a suitable method to control the phases of late-transition-metal chalcogenides because it preserves the anionic framework when the size of the nanomaterials is sufficiently large (>5-6 nm) (18) and because these materials share a similar anion sublattice among their different phases. In this work, using wurtzite CdS NW as a starting template, CE reaction conditions are finely tuned to rationally control the crystal phases of the resultant Cu (Figure 2a) . Interestingly, the tips have a thicker layer of conversion than that of the side facets (Figure 2c-f) . A similar observation was also reported in the CE of other CdS nanomaterials. (20, 21) It was proposed that the lower formation energy of the CdS-Cu 2-x S interface at the end {001} facets, as compared to that of the side facets such as {100}, contributes to the observed phenomenon, (20, 21) although other factors such as the inhomogeneity of surfactant passivation at different facets may also play a role.
Upon applying a higher but still substoichiometric concentration of Cu ] < 2) or a short reaction time (less than 30 min), partially converted samples with core-shell structures were observed (Figure 3a ). The XRD spectrum shows a combination of diffraction peaks from both CdS and roxbyite ( Figure S2 ), and the HRTEM image in Figure 3a shows that the CdS core maintains the wurtzite structure with a thin roxbyite shell grown epitaxially at the surface. The small lattice mismatch between Cu 2-x S and wurtzite CdS (Tables S2-S5, Figure S3 ) allows the epitaxial growth of roxbyite shell at the surface of CdS with minimal formation of structural defects. ] ratio leads to a thicker Cu 2-x S shell (Figure 3a-b) . Higher ratios result in fully converted Cu 2-x S NWs that evolve from the roxbyite to djurleite phase (Figure 3c-d) . Meanwhile, the morphology of the NWs was preserved after CE reaction under different reaction conditions (Figure S4 ), demonstrating the anionic framework is rigid and unchanged during the reaction. Figure S5 shows the XRD patterns of the Cu ] ratio. Thermodynamically, a previous study by Potter (23) has measured that the standard free energies of formation for different Cu 2-x S phases are in favor of higher stoichiometry, but they are fairly close to each other (no more than about 2kT). These data are consistent with the observation that different phases of Cu 2-x S can be synthesized in NWs with slightly different reaction conditions. However, such a conclusion may require further investigation, not only because of the absence of thermodynamic data for roxbyite but also because the measured thermodynamic data are highly sensitive to the presence of oxygen. (23, 24) The different observations of CE with bulk,(25) NWs, and nanorods (20) In contrast for CE in CdS nanorods,(20) the reaction is mostly controlled by thermodynamics because of its small size; subsequently the reaction yields a low chalcocite phase, the most thermodynamically favored one under oxygen-free conditions.(23) NW behavior is intermediate between that of the nanorods and thin films; it is proposed that both kinetics and thermodynamics should be considered for the structure and phase of the products, owing to the intermediate size of NWs. Additionally since the NW geometry requires longer diffusion paths for the cations, the reaction needs a longer time to reach equilibrium. A further understanding of the thermodynamics and kinetics of the phase evolution phenomenon in the CE reaction will require more experimental and theoretical work, including using isothermal titration calorimetry to follow the energetics of the CE reaction, and conducting simulations to study the solid-state diffusion process.
In conclusion, CE chemistry has been used to transform CdS NWs into phasecontrolled Cu 
